We present the study of the quantum tunneling through a vertical two-barrier structure sandwiching a graphene nanoribbon quantum object. Scanning tunneling microscopy measurements of the graphene nanoribbon show staircase I-U characteristics and oscillating dI/dU spectra. To identify the physical origin of the observed effect, we varied the tunneling resistance of the tip-ribbon junction and found a tip-to-ribbon distance dependent oscillating period change. Together with the numerical analysis, we confirm that the resonances in the spectroscopy arise from the Coulomb blockade effect. The study of the Coulomb blockade effect in graphene nanoribbons may be of potential usages for the fabrication of superthin quantum dot devices.
I. INTRODUCTION
Graphene, a stable two-dimensional material with an atomically thin carbon layer, shows remarkable electronic and mechanical properties.
1-3 The outstanding electronic properties of graphene mainly arise from its marvelous linear band dispersion at low carrier energies so that its charge carriers travel like massless Dirac fermions. 4 In addition, graphene has excellent chemical and mechanical stability and can present ballistic transport property at room temperature. 5 These above features make graphene a promising candidate for post-silicon electronic devices. 6, 7 In real applications like an electronic circuit, graphene often needs to be patterned into ribbons with nanometer in width, i.e., the graphene nanoribbons (GNRs). GNRs are quasi-1D graphene nanostructures with unique electronic properties that depend on their edge structures. Calculations based on tight binding predict that zigzag GNRs are always metallic while armchair GNRs can be either metallic or semiconducting, depending on their widths. [8] [9] [10] [11] [12] [13] [14] Localized states are found at the edge with energies close to the Fermi level in ribbons with zigzag edges. Moreover, a magnetic ordering is predicted and allowed to split the edge states, resulting in an antiferromagnetic coupling between two sides of the zigzag edges, which makes them a versatile material for new device design. 8, 9, 12, 14 Recently, graphene and graphene nanoribbon based field effect transistors have attracted a lot of attention for their small size and high on/off switching ratio. [15] [16] [17] [18] [19] [20] However, the metallic conductivity of graphene at the Dirac point impedes the use of graphene in electronic devices because field effect transistors made from graphene remain conducting even when the devices are switched off, which limits the achievable on/off switching ratio. 6, 15, 16, [20] [21] [22] Field-effect tunneling transistors based on vertical graphene heterostructures have been developed and they are made of two graphene sheets sandwiched together with an atomically thin insulating barrier. These transistors increase the roomtemperature switching ratios up to 10 000. 7 The tunneling of the electrons in the transistor from one graphene sheet to the other is similar to the single electron tunneling in Coulomb blockade phenomena. Coulomb blockade effects have been investigated in nanoscale tunnel junctions and junctions formed with a scanning tunneling microscope (STM) tip as one of the electrodes. [23] [24] [25] [26] [27] [28] The effects have also been reported in planar graphene nanoribbon devices, which are induced by the chain of quantum dots due to localized edge states or bulk disorder in GNR. [29] [30] [31] [32] The ultrahigh quality of GNR makes it possible to study the Coulomb blockade effects on GNRs, which may strengthen their potential usage in constructing new integrated microelectronic devices such as single electron memories and logic circuits. 33 Particularly, the use of GNR as part of the devices can dramatically reduce the size of the devices and may reduce the power consumption of electronic equipment greatly.
In this paper we present the study of the Coulomb blockade effect based on the quantum tunneling through a vertical two-barrier structure sandwiching a GNR quantum dot. The structure is formed by positioning a tip of STM on top of the GNRs suspended by small molecules on a Au(111) single crystal. STM measurements of the graphene nanoribbons show staircase I-U characteristics and pronounced oscillations in the dI/dU spectra. To identify the physical origin of the observed effect, we varied the tunneling resistance of the tip-GNR junction and found a tip-to-GNR distance dependent oscillating period change. Further numerical analysis confirms that the resonances in the spectroscopy of the GNR arise from the Coulomb blockade effect. Moreover, from the position dependent dI/dU spectra, we can derive that the GNR in our experiment forms a concave geometry with respect to the Au(111) surface, i.e., the edges of the GNR are higher than its middle. The study of the single electron tunneling observed in the vertical graphene two-barrier structure could be useful for the understanding of the mechanism of field-effect tunneling transistors based on vertical graphene heterostructures, and of potential usages for the fabrication of superthin quantum dot devices and single electron memories in the future.
II. EXPERIMENTAL TECHNIQUES
In our study, the nanoribbons are fabricated by unzipping pristine multiwall nanotubes (MWNTs) according to a method that has been reported. [34] [35] [36] MWNTs are initially heated in air at 500
• C, which is a mild condition known to remove impurities and etch/oxidize MWNTs at defect sites and ends without oxidizing the pristine sidewall of the nanotubes. The nanotubes were then dispersed in a 1,2-dichloroethane (DCE) organic solution of poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene) (PmPV) by sonication, during which the nanotubes were found to be unzipped into nanoribbons. A Au(111) crystal was submerged into the freshly prepared solutions for ∼2 h to obtain a certain amount of GNR deposition. After an annealing process as previously reported, some of the GNRs are suspended by the remaining small molecules and the others have direct contact with the Au(111) surface. 37 STM imaging and spectroscopy measurements were performed at 4.8 K. The chemically etched W tips were in situ cleaned with an electron beam heating device to remove the W oxide at the tip end. 38 The bias voltage U refers to the sample voltage with respect to the tip. Spectroscopy measurements are performed via the modulation technique utilizing a 4-mV amplitude and 6.09-kHz frequency. line profile across the nanoribbon, as marked by the blue line, shows the GNR is about 0.4 nm above the Au(111) surface, which evidences that the GNR is a single layer (the height of a single step in graphite is 0.34 nm). 14 The stronger contrasts at GNR edges suggest the edges are bended. The edges of the GNR seem to be ∼0.6 nm higher than the middle according to the STM image in Fig. 1(a) and its line profile in Fig. 1(b) . STM is, however, not only sensitive to the morphology but also the electronic structures of GNR. Therefore, the line profile may also include information of the localized edge states and it is not straightforward to obtain the height information of the edges from STM topographic image only. As will be presented below, in combination with the position dependent dI/dU spectra, we can derive that the GNR in our experiment forms a concave geometry with respect to the Au(111) surface, i.e., the edges of the GNR are higher than its middle. A zoomed (atomic resolution) image Fig. 1(c) shows an almost perfect honeycomb structure, a hole surrounded by six carbon atoms. The imaging conditions are 1 V, 1 nA. The holes form a hexagonal pattern. Comparing the atomic resolution image with the edge direction, we learned that the GNR edge has an angle of 4.8
III. RESULTS AND DISCUSSION
• with respect to the zigzag direction, i.e., it is a (10, 1) ribbon as shown in Fig. 1(d) . 37 The almost clean and defect-free surface suggests the GNRs are high-quality unzipping-derived GNRs, as previously reported. 14, 36 Besides, the GNRs may have the self-cleaning and self-reknitting capability similar to as reported for graphene. 39 Good agreements are obtained by comparing the STM image with the lattice of the GNR with the zigzag edge as marked by the white grids. Some mismatches are also expected as the GNR surface is not perfectly flat due to the underlying small molecules.
Figure 2(a) shows the typical I -U curve taken in the nanoribbon at the position marked by the red circle in Fig. 1(a) . We can find that a good staircaselike characteristic presented at the bias ranged from − 0.6 to − 0.3 V. The effects are more pronounced in the simultaneously taken bias-voltage dependent dI/dU curve [black curve in Fig. 2(b) ]. The peaks in the dI/dU curve on the GNR had equidistant spacing of 91.2 meV. The tip is stabilized at 0.6 V, 1 nA during the spectroscopy measurements. To exclude the tip induced effect, we also performed similar measurements about 50 nm away from the GNR. We note that in between no apparent tip change occurred as the following spectrum takes on the GNR remain unchanged. We can find that the profound oscillations are only present in the dI/dU spectrum on the GNR, while the spectrum on the molecular coated Au surface does not show such characteristics. Therefore, we can exclude the strange tip effect. We also performed similar measurements at the locations both perpendicular to and parallel to the edge of the GNR as marked by the red circle (center position, i.e., position 4), the black dots (positions 1-3 and 5-7 from left to right), and the blue dots (position A-D) in Fig. 1(a) . The results are plotted in Fig. 2(c) . We can find that the oscillation period varied when the STM tip moved perpendicular to the ribbon direction. The oscillation period measured on the middle of the GNR is larger than that measured near the two sides of the GNR. On the contrary, less variation was obtained when the tip moved parallel to the ribbon. The small variations of the oscillation period along the GNR edge could Fig. 1(a). (b) The black curve is a typical bias dependent dI/dU curve simultaneously taken at the same position as in (a). The red curve is a dI/dU curve taken on the molecular coated Au surface which is about 50 nm away from the GNR. (c) The oscillation periods of the spectroscopy measured in the direction perpendicular to and parallel to the nanoribbon edge at the position marked by the red circle, and the black/blue dots in Fig. 1(a) . The tunneling resistance R is 0.6 V/1 nA in (a), (b), and (c).
be associated with the random distribution of the molecules under the GNR. The oscillations in the spectroscopy could be associated with the quantum confinement in the direction perpendicular to the edge, the quantum Hall effect [40] [41] [42] [43] [44] or the Coulomb blockade effect. 23, 25, 27, 28, 30 Previous measurement of GNR, however, did not show any clear oscillation in the spectroscopy of GNR.
14 Moreover, if the oscillation is caused by the quantum confinement effect, one would expect it would be a constant, independent with the tip positioning. This is in sharp contrast with the experimental observation in Fig. 2(c) . Therefore, we could exclude the quantum confinement effect from the origin of the observed effect. The quantum Hall effect usually requires the presence of magnetic field or strain in the system. 40, 41 In our measurements, no magnetic field was applied. The atomic resolution image also showed no apparent strain in the GNR. Therefore, the observed oscillations in the spectroscopy cannot be the magnetic field or strain induced quantum Hall effect either.
Therefore, we attribute the observed regular oscillations to the Coulomb blockade. The Coulomb blockade effect can be described as the quantum mechanical tunneling of electrons through a quantum dot with two weakly coupled leads. Figure 3(a) shows the schematic model in our experiment. The two-barrier tunnel junction is formed by positioning a STM tip on top of a GNR, which is suspended by small molecules on a Au(111) surface. The three conductive elements, i.e., the STM tip, the GNR, and the Au(111), are isolated from each other by vacuum or the insulating molecules as marked. The small molecules are likely the surfactant from the chemical unzipping process. Figure 3(b) shows the equivalent circuit for this system where R 1 and R 2 are the tunneling resistances of the tip-GNR and the GNR-Au(111) junctions, and C 1 and C 2 are their capacitances, respectively. In such junctions, the transfer of a single electron between the junction electrodes increases the electrostatic energy by E = e 2 /C, where C = 1/(
) is the junction capacitance. 26, 27 When the thermal energy k B T e 2 /C, this energy is unavailable at small voltage biases, and the electron tunneling is suppressed. [23] [24] [25] In such cases, the electrical transport is hindered until a new potential match is reached. Therefore, the transport is quantized, leading to a ladder-shape I-U curve and pronounced oscillations in the dI/dU spectrum. The oscillation period is inversely proportional to the total capacitor of the junction. If one of the capacitors is changed, the oscillation period should also be varied accordingly. On the other hand, if the oscillation is caused by the other two mechanisms discussed above, the period should be independent with the tip-sample distance. This provides a method to distinguish the Coulomb blockade effect from the other mechanisms. In this particular geometry, the capacitor can be tuned by modifying the tip-sample separation d since C 1 = ε 0 S d by assuming that the capacitor is formed by two parallel plates. ε 0 is the permittivity of the vacuum, and S is the effective area of the parallel plates.
Therefore, we performed similar measurements but with different tunneling resistance. When the tunneling resistance changes, the distance between the tip and the GNR is also changed, resulting in a change of the capacitance between them. Figures 4(a) and 4(b) show the dI/dU-U curves obtained at the same position of the GNR, as marked by the red circle in Fig. 1(a) . The tunneling resistance is 1.0 and 2.0 V/1 nA in Figs. 4(a) and 4(b) , respectively. We find that the oscillation period among the peaks in the spectra changes to 94.1 and 96.9 meV in Figs. 4(a) and 4(b) , respectively. The change of the oscillation period with the tip-GNR separation strongly suggests that the observed phenomena are the Coulomb blockade effects. In addition, the observed increase of the oscillation period with the increasing tip-GNR separation is also in qualitative agreement with the theory of Coulomb blockade effect as E = e 2 /C and that the capacitance is inversely proportional to the separation between two electrodes. 26, 27 To make a quantitative comparison, we plot the oscillation period as a function of the tunneling resistance with logarithmic coordinates in Fig. 4(c) . As discussed above, the oscillation period E =
) in Coulomb blockade effect. In our measurements, C 2 is assumed to be a constant as the separation between GNR and gold surface is fixed. One can simplify the tip-GNR capacitance C 1 as a capacitor of the two parallel plates and estimate the capacitance to be
. Typically, the tunneling resistance varies about one order per 0.1 nm and the tip-sample separation in STM can be described as d ≈ d 0 + log 10 (R/R 0 ) × 0.1 in the unit of nm. 45, 46 R is the tip-GNR tunneling resistance and d 0 is the tip-sample separation when the tunneling resistance R 0 = 1 V/1 nA = 10
9
. Therefore, we can obtain the relationship between the spacing of the oscillation peaks E and the tunneling resistance R that E ≈ e 2 [
]. And a linear dependence of E versus log 10 (R/R 0 ) is expected. The experimental results plotted in Fig. 4(c) , indeed, show a clear linear dependence. This, together with the I-U steps and the equidistant spacing oscillation in the dI/dU-U curve incontrovertibly confirms that the observed phenomena are the single electron tunneling. According to the slope of the line plotted in Fig. 4(c) , we can obtain the effective area of the parallel plates to be 170 nm 2 . In our experiments we used electrochemical etched W tips. Typically tips with a sharpness of 5-50 nm are obtained depending on the etching condition. The experimental probed GNR has the width of 20 nm. From this we can also estimate an effective area to be in the order of 20-200 nm 2 , in good agreement with the above estimation. Following Dürig et al. and assuming the STM tip end is a paraboloid, we can estimate the gap width between the tip and the GNR to be about 0.5 nm when the tunneling conductance is G = 1 nA/1 V = 10 −9 −1 . 47 With that we obtained
−18 F and C 2 = 3.64 × 10 −18 F when the tunneling resistance is 1.0 V/1 nA. As both the accurate separation between the GNR and the Au(111) surface and the permittivity of the molecules are unknown, it is difficult to obtain the effective area of the second capacitance C 2 . We expected it is similar to that of the first capacitance, i.e., around 170 nm 2 . The starting peak of the oscillation in the spectrum appears at about 0.1 V at the resistance of 0.6 and 1.0 V/1 nA as shown in Figs. 2(b) and 4(a) , while the first peak in Fig. 4(b) seems to be close to 0.5 V, which is almost five times larger than in Figs. 2(b) and 4(a) . At 2.0 V/1 nA, the magnitude of the starting peak is too small to distinguish itself from the noise level due to the small tunneling current at small bias. In our oscillation period analysis, only the sharp and distinct peaks in the dI/dU spectrum are taken into account in order to obtain a reliable conclusion. From Fig. 1(d) we can find that the (10,1) nanoribbon is close to the zigzag-edge GNR.
In Ref. 14, a gap of about 25 meV is opened at the edge of the GNR near the Fermi level for a (8,1) nanoribbon of 15 nm wide. But the spectrum probed 2.5 nm away from the edge on the flat GNR shows no distinct characteristics or any gap. As the gap decays from the edge to the center, it is attributed to be originated from the electron-electron interaction between the two edges of the GNR. This is also supported by the band structure calculations. We would expect a (10,1) GNR behaves similar as a (8,1) GNR as their edge structures are quite similar. Only the gap is smaller as it has a width of 20 nm which is wider than that of a (8,1) GNR. Following their analysis, we estimate the gap to be 20 meV and it should decay from the edge to the center part of the GNR, similar to the observation on a (8,1) GNR. Our measurements were performed near the center position of the GNR. In such a case, no gap is expected in good agreement with our experimental findings.
In our experiment, the GNRs are deposited on Au(111) from the PmPV solution. When the GNRs are loaded, the GNRs may form the concave or convex geometries with respect to the Au(111) surface. As we present in Fig. 1(b) , the line profile of the GNR implies that the GNR could be a concave GNR. Since GNRs have the edge states, the line profile of the GNR may also include the information of the localized edge states. Therefore, it is hard to identify whether the GNRs form the concave or convex geometry from the STM morphology image only. The position dependent Coulomb blockade measurements may provide additional information to distinguish these two configurations. Figures 3(c) and 3(d) show the schematic drawing of STM tips on a concave GNR and a convex GNR at different positions. The dashed line shows the trace of the tip-end in constant current mode scan. From the model shown in Fig. 3(c) , we can find that S, the effective area of the capacitor formed by the tip and the GNR, will increase when the tip moves from the middle to the side for a concave GNR. This will cause the oscillation period E to decrease according to
). On the contrary, the change will be the opposite for a GNR in convex configuration with the Au(111). In our experiment, we find that the oscillation period observed in the spectroscopy decreases when the tip moves from the middle to the side as shown in the black curve of Fig. 2(c) . Therefore, we could conclude that the GNR we observed in our experiment is a concave GNR, i.e., the edges of the GNR are higher than its middle. Quantitatively, the oscillation period decreases 2 meV, i.e., from ∼91 meV at the GNR center to ∼89 meV at the location about 4 nm away from the center (position 1 and 7). Assuming this change is purely originated from increase of the effective area, it is about 2.2%. We can also estimate the area change by assuming the STM tip has an end with the shape of 5 nm radius hemisphere. From the line profile shown in Fig. 1(b) , the GNR has a flat area with the width of 14 nm in the center region. Assuming a linear bending at the GNR edge, we obtained about 3% effective area change from center to positions 1 and 7, in good agreement with the experimental finding. In addition, the increasing separation between the GNR and the Au(111) surface at the GNR edge may also influence the oscillation period change as it will change C 2 . This influence, however, is not significant since the separation increase is about 0.5 nm at the edge, which is much smaller than the estimated separation of several nm. The weak variations (∼0.5 mV) of the oscillation period in the dI/dU spectrum along the GNR as shown in Fig. 2(c) could be attributed to the disordered molecular layer randomly covering the Au(111) surface. As the effective area is about 170 nm 2 , the fluctuation caused by the random distribution of small molecules is averaged and turns out to be small. The variation is smaller than the oscillation period change perpendicular to the GNR [black curve in Fig. 2(c) ] and the change measured in Fig. 4(c) , which is about 6 mV. This excludes the noise as the origin of the observed effects.
IV. SUMMARY
In summary, utilizing scanning tunneling microscopy, we observed the ladder shape I -U curve and equidistant spacing oscillations in the dI/dU-U curve on the graphene nanoribbon suspended by small molecules on Au(111). By changing the tunneling conditions, we found a linear dependence of the oscillation period versus the tip-to-sample distance. This evidences that the observed effect is the Coulomb blockade effect. Moreover, the position dependent measurements across the GNR can provide additional information to identify whether the GNR form a concave or convex geometry with the Au(111) surface. The study of the single electron tunneling in the vertical graphene two-barrier structure could be helpful for the understanding of the mechanism of field-effect tunneling transistors based on vertical graphene heterostructures and of potential usages for the fabrication of superthin single electron memories and quantum dot devices.
